An experiment to study and to build a mathematical model to reproduce the behavior of nitrogen in a residential wastewater treatment process was performed. A pilot unit receiving grey and black water was used. The pilot consisted in a septic tank followed by a fixed-film, partly aerated bioreactor with effluent recirculation operated under two different scenarios: normal operating conditions and increased influent flow. Modeling was performed with the GPS-X™ software.
INTRODUCTION
Therefore, the effluent quality discharged from these systems varies unnoticed over a long period of time and may contaminate ground and/or surface water. Contamination introduced by a single unmonitored on-site treatment system into the surrounding groundwater and/or surface water resources may be negligible. However, due to the significant number of such unmonitored systems, a potential threat of water contamination exists. leaked into the ground, where treatment is considered final.
Although such a basic set-up can sometimes be enough to provide adequate treatment, large portions of land must be strictly reserved for the drain field, as most of treatment is accomplished underground. Solutions to minimize drain field size dimensions usually involve using a secondary or tertiary treatment process between the septic tank and the drain field, to lower pollutant loadings discharged into the ground (MDDEP ). Such 'higher-order' treatments have gained in popularity over recent years, as land requirements can be of the order of 360 m 2 for large residences. Technologies for this purpose must first be evaluated through a benchmark test and accredited by the BNQ (Bureau de Normalisation du Québec) before their installation and use is legally allowed (BNQ ).
Therefore, these systems' performances are partially documented, but only under controlled and common conditions. Unfortunately, few systems in operation are monitored, due to the fact that the effluent is seeped to the ground. This leaves us with very little data regarding treatment efficiencies under different operating settings for optimization.
A possible solution to bridge the data gap caused by the lack of data on the performance of decentralized treatment would be the use of modeling. A calibrated and operational model would be useful for optimization, as treatment performance under different scenarios could be easily and rapidly evaluated. The best set of operating conditions for a given situation could then be identified by running several simulations under various conditions. Conditions under which the system is likely to fail to meet effluent regulations could also be identified from such simulations. However, no dynamic models of small systems have been found in the literature.
This project will present the treatment performance of an on-site wastewater pilot plant for different pollutants, including nitrogen. A modeling approach of such a system will also be presented and discussed. Although there are currently no regulations on nitrogen removal in these systems, ammonia has been identified as a priority target for the reduction of toxicity from municipal WWTP effluents (MDDEP ; CCME ). Therefore, upcoming laws are expected to regulate ammonia discharges; the focus was therefore on nitrogen's fate during the modeling efforts.
MATERIALS AND METHODS

Technology used
The residential secondary treatment system used in this study is a Bionest™ reactor, manufactured by Bionest Technologies (Shawinigan, Canada) and classified by the BNQ () as an advanced secondary wastewater treatment unit, certifying that the system is able to produce an effluent containing less than 15 mg/L of TSS and carbonaceous BOD 5 as well as less than 50,000 CFU/100 mL of fecal coliforms. The wastewater produced by the residence initially flows through a conventional septic tank, where particulate solids and floatable materials are trapped and partially digested over a period of time. The septic tank effluent is then brought into the Bionest™ reactor, which is a simple tank filled with a plastic media allowing fixed growth of purifying biomass. The first two-thirds of the reactor volume are aerated to allow the oxidation of carbon matter and ammonia. The remaining part of the reactor is devoid of any aeration to facilitate the settling of particles potentially sloughing off the aerated reactor's media. An important part of the treated water is recirculated to the entrance of the septic tank to create an anoxic environment and allow partial denitrification. The effluent exits the system and enters a drain field. The Bionest™ reactor typically eliminates most TSS and BOD 5 as well as an important part of the ammonia contained in the entering wastewater.
Pilot system
The pilot system used in this study ( Figure 1 ) is a scaleddown Bionest system located at Bionest Technologies (Shawinigan, Canada). It was treating wastewater produced by the employees. The wastewater was first stocked in a storage tank in order to maintain influent availability during offwork periods, i.e. evenings, nights and weekends. The storage tank was continuously stirred to minimize settling.
The wastewater was then pumped discontinuously from the storage tank to the septic tank at a daily rate of 450 L.
Feeding intervals varied during the day so that 35% of the influent entered the system during morning, 25% around midday and 40% during afternoon/evening. This pattern was used to simulate daily varying water usage rates in an Such data were taken on each sampled stream: in the storage tank for the influent, at the end of the septic tank and for both parts of the reactor for corresponding effluents.
Measurements were made in the center of every tank of the pilot unit as well, for a total of eight monitored points.
The DO sensor was placed between air diffusers in order to avoid the influence of bubbles. Finally, varying quantities of sodium bicarbonate (0-300 mL) were added each day to ensure alkalinity concentrations did not inhibit nitrification in the reactor, as the influent water's background alkalinity concentrations were slightly low (Chen et al. ). The septic tank is modeled with a reactive primary settler (F, Figure 2 ) and an anaerobic digester (D1, Figure 2 ). Particulate matter is therefore completely separated from the effluent wastewater and eliminated to better fit observed TSS values in the pilot system, which were constantly close to zero.
Other units of the model consist of flow combiners and splitters for the digestion and recycle streams operations as well as the influent (AEB, Figure 2 ) and the daily addition of alkalinity to the reactor (HCO 3 À , Figure 2 
where y i is the current observation,ŷ i is the current for the sake of clarity. As can be seen, influent concentrations are highly variable from one day to the next (see Table 2 ). Extremely low values are sometimes encountered and are as explained before due to specific uncontrolled events such as leaking toilets diluting the stored wastewater (such as from June 1-4) or during the 2 weeks during which most employees were on vacation; almost no wastewater was produced during that period (July 19 to August 1). COD variation profiles are similar for the influent and the septic tank effluent, although an average reduction of 77% can be observed from that stage of the treatment. Part of this reduction is due to the fact that, as mentioned before in the influent characterization results, an important fraction Table 3 ). This would also imply that other forms of COD are almost completely eliminated during treatment.
Ammonia concentration profiles are presented in dilution events. There is also a 43% average reduction during the septic tank stage of the pilot system (see Table 2 ). As ammonia is a soluble pollutant that is not con- can be observed when the influent NH 4 þ load is higher than normal (e.g. June 11) and during the first week or so of the experiment.
The pilot system has therefore a limit regarding the amounts of ammonia it is able to nitrify under the studied (2002), data is only available for BOD5 and combined NO2 À /NO3 À . Table 2 ). This recycled NO 3 À is then diluted by mixing with the influent and partially denitrified in the tank, leading to an average increase of 2.5 mg N/L (250%) over the influent. As nitrates are a by-product of ammonia treatment, the final effluent's concentrations logically vary with the quantities of ammonia available each day for oxidation, as shown in Figure 6 .
Values at the final effluent are, on average, 10.4 mg N/L (297%) higher than at the septic tank effluent. The presence of NO 3 À in the final effluent for days of the sampling campaign's second stage where residual amounts of NH 4 þ were present indicates that these residual concentrations were likely to not be caused by a decline in nitrification performance, but rather because ammonia loadings were too high to be completely eliminated. Figure 6 also illustrates the difference between consumed ammonia and produced nitrate levels. As shown before, most of the ammonia is eliminated within the system, but only a fraction of it is leaving as nitrates, which suggests that there is some amount of denitrification occurring during the treatment process, either in the septic tank, in the deeper layers of the reactor's biofilm, or both. Although Figure 5 hints that nitrate concentrations at the final effluent are higher during the second period of normal operation than during the first one, not enough data is available to determine if this effect is real (two-sample t-test, P > 0.05, n ¼ 33).
Entering and exiting concentrations for weekly measured CBOD 5 , TSS, TKN, NO 2 À and total phosphorus are presented in Table 3 . CBOD 5 and TSS are almost completely eliminated (average 97% and 99%, respectively, for the whole campaign) by the treatment during sampling days and remaining concentrations are equal to or slightly above their corresponding analysis method's detection 
MODELING RESULTS
Septic tank
Simulation results for COD in the septic tank effluent (Figure 7(a) ) generally follow the trend shown by measured data, except for a few distant values. These errors are often caused by the interpolation between Fridays and Mondays used to overcome the lack of information about influent concentrations during weekends. In theory, no drastic change in the stored wastewater should have occurred during these days as no employees were present, but as sampling was impossible the real behavior of the system is unknown.
The model has therefore some problems on Mondays when having to come back from estimated weekend data to measured weekday data. This problem is particularly present in the septic tank model for COD and TSS because, contrary to other measured pollutants that are soluble, settling fluxes must be computed from the influent concentrations. Interpolation was kept despite the problems it creates as GPS-X otherwise considers that the last influent data it has read is valid until it reads another one when no input is available. Without using interpolation to estimate those missing inputs, the model would keep weekend influent concentrations constant and equal to those of Fridays.
Nevertheless, statistical scores for COD predictions in the septic tank (Table 5) Model results for NH 4 þ in the septic tank (Figure 7(b) ) follow the trend observed in the pilot, but generally underestimate the effluent concentrations. Unfortunately not many settler model parameters can be modified to fix this problem, as ammonia does not settle and is not nitrified in the tank and is therefore determined for most part by the entering and exiting masses. The only factor having a slight influence is the amount of TKN that is ammonified. This ammonification, This lack of fit is further indicated by the worst statistical scores obtained by the model ( suggest that additional care should be given to better characterize the denitrification occurring in the septic tank in potential future work in order to obtain a better fit with model predictions.
An important number of model parameters were modified (see Table 4 ) in order to obtain the septic tank results for modification is caused by the unexplained increase in COD removal efficiency during the increased flow experiment. The particular COD to VSS ratio had to be increased to obtain a better fit between existing COD and TSS values as the former were well predicted by the model, but the COD concentrations were always underestimated and needed to be raised. The heterotrophic growth and ammonification rate were increased to compensate for the constant sludge underflow in the settler model that is not present in a septic tank.
Both of these processes are dependent on bacteria concentrations, which are normally gradually increasing with time in a real septic tank. Simulated sludge concentrations are, however, always low due to that underflow, hence the need to compensate with higher denitrification and ammonification rates. Finally, the quiescent zone and complete mix zone maximum upflow velocities, the heterotrophic yield and the specific hydrolysis rate were modified to gain a better fit for ammonia and nitrate values. 
Final effluent
Model results for COD in the final effluent (Figure 8(a) ) obtain strongly negative efficiency and persistence scores (Table 5 ) and do not seem to be accurate at first glance.
The relative values of ME and MAE are À21.0% and 23.4%, respectively. The results are, however, never quite wrong either when considering the scale of the graphic.
Measurements on the pilot very rarely exceeded 30 mg/L and, as the analysis method used had a lower detection limit of 20 mg/L, it is hard to distinguish real system fluctuations from analytical inaccuracies at that level. Model results are therefore satisfyingly good: they always predict a near-complete COD reduction, which is what was observed in the pilot plant.
Simulation results for ammonia in the final effluent ( Figure 8(b) Once again the scale of Figure 8 (Table 5) , the efficiency index value reveals that the model's accuracy is only slightly above a constant average value prediction. One reason explaining the lack of fit of the model for nitrates is the complete consumption of biodegradable COD or CBOD 5 in the reactor for the whole duration of the sampling campaign, which made it impossible to correctly estimate kinetic parameters for the heterotrophic bacteria feeding on that substrate. As those heterotrophic organisms are also responsible for denitrification, the phenomenon has not been quantified in the reactor and model Few parameters were modified to obtain the presented results for the final effluent (see Table 4 ) compared with the septic tank part of the model. The influent inert fraction of soluble COD was lowered a bit to obtain better COD results, as the residual concentrations of this pollutant were believed to be the soluble inert COD that had passed unscathed through the system. The dissolved oxygen diffusion constant was lowered to prevent the gradual underestimation of residual ammonia peaks in time that was occurring with the default value. The fouling factor for the air diffuser was unknown during the sampling campaign but, as the pilot system had been in operation before beginning this experiment, it was lowered to a value lower than 1 for a better fit to NH 4 þ predictions. The autotrophic specific growth rate was slightly reduced to obtain a better fit to ammonia variations. Although this work was performed with the Mantis biological model, recent studies have suggested that the autotrophic decay rate is heavily underestimated in the very similar ASM1 model (Marquot et al. ) .
The decay rate was therefore raised from 0.04 to 0.2 d À1 which increased accuracy significantly for ammonia.
Finally, the heterotrophic yield was lowered to try to reach a better fit between observed and measured nitrate data.
CONCLUSIONS
The obtained results indicate that the autonomous secondary treatment technology used in this study has an interesting COD removal and nitrification potential. Ammonia was indeed nearly completely eliminated in the pilot system except for days with exceptionally high influent concentrations, while only traces of non-biodegradable COD were found in the effluent for the whole experimental duration. Measured data also exhibit signs that partial denitrification of the nitrified ammonia is occurring in the system. The developed model is able to simulate COD and ammonia removal relatively well for the septic tank and the Bionest™ reactor. Predictions are, however, slightly under par for nitrates in both effluents. A wider range of analyses and more frequent sampling on the pilot system would be required in the future in order to increase the model accuracy on NO 3 À and to strengthen confidence in its ability to correctly predict additional pollutant information, such as TSS and TKN, for which data were too scarce to perform a full calibration. The modeling of on-site wastewater treatment units nonetheless shows promising results, which should be interesting for technology optimization under the wide range of operating conditions these systems are subjected to. 
